The study of intraplate tectonics is crucial for understanding the deformation within plates, far from active plate boundaries and associated stress transmission to the plate interiors. This paper examines the tectonic evolution of the Variscan basement at the western margin of the Cenozoic Duero basin. Located east of the Vilariça Fault System in NW Iberia, this intraplate zone is a relatively flat but elevated area with an intense NNE-SSW trending fault system and associated moderate seismicity. Although the area has played an important role in the Duero basin configuration, its Alpine to present-day tectonic evolution has not been well constrained. In order to characterize the successive paleostress fields, 1428 pairs of fault-striae were measured at 56 sites and two focal mechanisms were used. Stress inversion methods have been applied to analyze paleostress regimes. Results show the existence of three dominant maximum horizontal stress (Shmax) trends: N-S, NE-SW and E-W. Relative and absolute dating of the activated faults for each Shmax shows that the clearly predominant N-S paleostress field in the zone has been active since the Oligocene up to the present day; while a NE-SW stress field is found to have been active during the Cretaceous and an older E-W paleostress field was active in the earlier Alpine cycle (Late Triassic).
Introduction
Within the Eurasian Plate, the stress transmitted from the active margins deformed the intraplate domains and the Variscan basement was included in the Alpine tectonics, forming the main mountain chains. Within the Iberian microplate, as in the rest of the Eurasian Plate, the Variscan basement crops out extensively. Studies dealing with paleostress reconstructions in areas with Mesozoic, Cenozoic * E-mail: loreant@geo.ucm.es and recent sedimentary rocks are abundant [1] [2] [3] [4] [5] . Nevertheless, in extensive intraplate areas where the basement is dominant, only a few studies have attempted to determine the post-Variscan paleostress orientations. The Alpine tectonic evolution, its successive paleostress fields and the contemporary stress field in the central-western Iberia region were thus not well understood. In this paper we present a quantitative analysis of the paleostress patterns from the western Paleozoic margin of the Duero Basin, using fault-slip data inversion methods and propose a reconstruction of the Alpine to present-day stress fields in relation to basement structures.
Located in northwest Iberia, between the Vilariça strike-slip deformation belt [6] and the western border of the Cenozoic Duero Basin [7] [8] [9] , there is a relatively flat but elevated zone (mean elevation of 900 metres above sea level) where the Variscan basement crops out. This area has played an important role in the current configuration of Iberia. It acted as a passive margin for the closed Cenozoic Duero Basin ( Figure 1A) , and it controls the Atlantic capture and drainage reorientation, acting as a local base level for the inner basin. This is reflected in the area as a convex longitudinal profile of the Duero River; while upstream the river shows a close to equilibrium longitudinal profile ( Figure 1B ).
Although there is plenty of petrologic and, to a certain extent, structural information about the zone [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , little has been published about the tectonic evolution of these faults during Mesozoic and Cenozoic. The main reason is that in Palaeozoic lithologies, it is difficult to determine and to attribute the Late-Variscan and Alpine brittle deformation phases to successive tectonic events and ages. Our goal is to describe the Alpine tectonic evolution of an area where brittle deformation in the Paleozoic basement (responsible for the main fracture pattern) was previously interpreted as post-Variscan.
We have performed a paleostress analysis by means of fault-slip data analysis. Our results indicate the existence of three paleostress fields with dominant maximum horizontal stress (Shmax) trending: N-S, NE-SW and E-W. Owing to the lack of recent sedimentary rocks affected by faults, dating of paleostress fields was carried out using chronological data from the surrounding Cenozoic basin borders and geochronological information obtained from K-Ar dating of clay gouges [23] collected in large faults [24, 25] , as well as instrumental seismicity data [26, 27] . All these data allowed us to establish a chronology of the faulting episodes and to determine the tectonic evolution from Mesozoic to present. The results represent a contribution to our knowledge of the Alpine deformation and the tectonic evolution of the NW Iberia.
Geological setting
From a geological standpoint, the study area is a crystalline basement developed in a tectonically intricate zone predominantly deformed during the Variscan Orogeny. It belongs to the Central Iberian zone, in the NW sector of the Iberian Massif, and is a part of the largest continuous outcrop of the Variscan Belt [17, 28] .
The area is far from the Iberian convergent tectonic boundaries (Pyrenees and Betics), and 500 km east of the western Iberian Atlantic passive margin. Nevertheless, a penetrative NNE-SSW fault system is present and moderate seismicity occurs with earthquake magnitudes > 4 [26, 29, 30] .
The region was deformed by extensional and strike-slip brittle faulting in post-Variscan and Alpine times. This last brittle deformation is related to the passive margin formation in western Iberia during the Triassic and Jurassic [31] and to the far-field effects of the Alpine tectonics in Iberia: convergence at the Northern and Southern borders (Pyrenees and Betics) [4, [32] [33] [34] . The Iberian Variscan basement accommodated part of this plate convergence in three E-W trending crustal folds as well as in the reactivation of two left-lateral NNE-SSW strike-slip deformation belts [35] . These NNE-SSW-oriented strike-slip fault systems, the most important of which is the Vilariça fault, are located close to the west of the study area ( Figure 1A ).
The area shows a clear brittle fault pattern, with a dominant N-S to NE-SW orientation (e.g. Duero, Almendra, Almeida-Valderaduey faults) which is consistent with the large, neotectonically-active fault systems to the west [6, [36] [37] [38] . Less important NW-SE trending faults follow the Variscan structure of the area ( Figures 1A and 2 ).
To the east, the region is limited by the western margin of the Duero Basin. This area shows a weak Alpine deformation in contrast to the Cantabrian and Spanish Central System ranges that form the northern and southern margins of the Duero basin. However, during Paleogene and Neogene times the area was a passive margin with low relief, albeit with a relatively high mean elevation, which accounts for the general lack of sedimentary rocks of that age ( Figure 1A ).
The fault-slip data used in this study were mainly measured in leucogranites, two-mica and biotite granites to granodiorites and intermediate rocks, except for some data measured on sandstones and conglomerates from Paleocene-Lower Eocene [39] and over a Late Paleocene silicification [40] , near the west border of Duero Basin (Figure 2 ).
Paleostress analysis

Methodology of the fault-slip data analysis
Methods based on stress-shear relationships have been developed and widely used [1, 5, 41, 42] to quantitatively reconstruct paleostress tensors through inversion of faultslip data. With this aim, fieldwork was oriented towards obtaining the necessary kinematic data from striated fault planes in order to calculate the stress tensors responsible for fault movements. In the case of polyphase tectonics, the local evidence related to each tectonic event allows a reconstruction of the regionally successive paleostress patterns. The chronology of successive events is deduced in the field using cross-cutting relationships of microstructures or superposition of striae on the same fault plane. With this information, the total fault population from each site is qualitatively divided into different sub-sets, each being consistent with one specific stress regime and showing sequential relationships with the other subsets. Using this information we later analyzed 1428 fault/striae pairs measured at 56 sites. Figure 2 shows the location of the stations on the geological map of the area.
Data analysis was basically performed using the Stress Inversion Method (SIM) developed by Reches [43, 44] , though other methods were used to verify the reliability of the results (e.g. Right-Dihedra Method [45] ). From the Navier-Coulomb frictional slip criteria and the Bott equation [46] , the Stress Inversion Method calculates the best-fitting stress tensor for a large range of friction coefficients (ν). Normal (σ n ) and shear (τ) stresses may satisfy the Navier-Coulomb criteria (|τ| = ν · σ n ); where ν is the friction coefficient. The SIM allows us to determine the orientations of the principal stress axes (σ 1, σ 2 , σ 3 ) and their relative magnitude expressed as the stress ratio, R = (σ 2 − σ 3 )/(σ 1 − σ 3 ). R represents the stress ratio of the ellipsoid, the ratio of stress differences, where σ 1 σ 2 σ 3 and 1 R 0. The SIM also gives the rock friction and cohesion parameters that occurred when the fault population was active under a specific stress tensor.
To estimate the quality of the solution, the method provides two deviation angles: The Principal Axes Misfit Angle (PAM) and the Slip Angular Deviation (SM). PAM is the deviation angle of the principal axes between calculated and ideal tensors while SM indicates the divergence between the slip angle measured in the field (real striae) and the maximum shear stress direction on the slip-plane calculated from the inverted tensor (theoreti- cal striae) [43, 44] . These values were used as criteria to select the best fit solutions.
Once the best solution and the corresponding friction coefficient are determined, the confidence margins are evaluated here by a Monte Carlo-like technique (sampling with replacement) [47] . The angular deviations of the stress solutions (δA, Table 1 ) are calculated for every fault population [44] .
Results
By using this methodology, 65 well-constrained stress tensor solutions explaining 1159 fault/striae pairs were obtained. Table 1 summarizes the stress tensors and orientations obtained from fault-slip data analysis at each measurement site. Once the preliminary results were obtained, all the fault data and stress tensors were analyzed together and then classified into homogeneous subsets; in terms of type and orientation, as well as field observations (relative chronology, e.g. cross-cutting relationships, superposition of striations on fault planes, etc.). The analysis of the 65 tensors obtained revealed a series of convergent solutions clustered together in families with similar principal stress axis trends (Figure 3 ). After this general view, the Shmax obtained were clustered in three groups, assigned to three possible paleostress fields, with the Shmax oriented N-S, NE-SW and E-W, respectively. It is important to note that, with the exception of data site 49, all the calculated stress tensors show either a normal faulting or a strike-slip stress regime (Figure 3 ).
Once the paleostress fields were defined, Shmax trajectory maps were drawn using a distance-weighting method to determine the paleostress direction for any given point within the calculated area [48] , taking into account the horizontal error estimation for each Shmax orientation (δA). For the different paleostress fields, the mean stress tensor solutions are calculated by analyzing the whole fault population together [44, 45] .
In terms of the stress orientation, pre-existing crustal structures may play a major role in the accommodation and Figure 2 ). σ 1 , σ 2 and σ 3 , orientations of the three main stress axes (trend/plunge, in degrees); ν, friction coefficient; stress ratio R = (σ 2 −σ 3 ) / (σ 1 −σ 3 ); N, number of fault-slip data used for calculation; Ne, number of explained faults by the stress tensor. δA, angular deviations of the stress solutions for each fault population [44] . nucleation of a later deformation [2, 49] . The reactivation of pre-existing basement discontinuities produces stress deflections and principal stress axis permutations [50, 51] . In this sense, the occurrence of extensional and strike-slip stress tensors in the same site is often the result of a local σ 1 − σ 2 permutation, rather than a global tendency of progressive change from one stress regime to another over a short period of time.
The angular variations in Shmax orientations for each paleostress field are small (δA<15 o , see Table 1 ) and can be attributed to local small-scale deflections of the regional stress field due to lithological changes or to major fault influence [49, 50, 52 ].
Here we should point out that the correspondence between paleostress fields with a common Shmax and major tectonic events is not unequivocal. Relatively important stress trajectory curvatures have been suggested within the Iberian foreland [5] with constrained deformation conditions where the Shmax trends can quickly change over short distances [35] . With this general idea in mind, it is also true that the Iberia interior shows some concentrations of the Shmax trends obtained from paleostress analysis [4] .
A brief description of the characteristics of the stress fields and compatible faults is given below. 
N-S paleostress field
The N-S Shmax paleostress field is the most frequently observed and extends over most of the area, representing 70% of the explained fault/striae pairs and 57% of the total calculated stress tensors. It has been identified in 37 of the 56 measurement sites. It has a mean N-S Shmax related to normal and strike-slip faulting and only one reverse stress tensor. The paleostress trajectories [48] are homogeneously N-S oriented.
The mean tensor calculated for this paleostress field, oriented:
o , is mechanically compatible with 701 faults out of a total of 999 ( Figure 4) . The stress ratio (R) of 0.82 supports the idea of the coexistence of normal faulting and strike-slip stress regimes.
Faults explained by the N-S paleostress field are mainly N-S normal faults, NW-SE right-lateral and NE-SW leftlateral strike-slip faults (Figure 4 ).
NE-SW paleostress field
The NE-SW oriented Shmax paleostress field represents only 15% of the total number of explained fault/striae pairs and 25% of the calculated stress tensors. It has been identified at 16 sites. With Shmax average orientation of N21 o -50 o E, it is well represented in the zone with the exception of the south-eastern part, where it was not detected. The paleostress map shows a rather homogeneous distribution of the local Shmax axis trends with an average orientation of N40 o E ( Figure 5 ).
The estimated mean tensor has principal stress axes oriented:
o , and explains 152 of the total 181 faults ( Figure 5 ). Once again, a stress ratio (R) of 0.85 points to the coexistence of normal faulting and strike-slip stress regimes. The compatible faults with the NE-SW paleostress field are normal to oblique-normal and strike-slip faults with NNW to EW trends ( Figure 5 ).
E-W Paleostress Field
The E-W paleostress field accounts for 15% of the faults explained by the inversion analysis and 18% of the calculated stress tensors. It is found at 12 sites. It is the least represented paleostress field, mostly detected in the western part of the area and, as before, the stress regimes belong to both normal and strike-slip faulting tensors with E-W oriented Shmax ( Figure 6 ). The estimated mean tensor has principal stress axes oriented: 
Chronology of the Paleostress fields
The fact that most of the faults were measured on Variscan granitoid rocks has complicated the estimation of paleostress age from conventional field observations. Complementary dating techniques therefore had to be used. Firstly, a search for relative time markers was carried out beyond the boundaries of the study area, and more specifically in the nearby Cenozoic sedimentary basins (Duero and Ciudad Rodrigo basins; Figure 2 ). The task was, wherever possible, to search for direct or indirect stratigraphic evidence constraining the timing of fault movement. Furthermore, the complementary dating techniques applied consisted in the collection of fault gouges in order to assess the timing of fault movements by means of K/Ar geochronology [23] . Using field data from cross-cutting relationships and superposition of striations on fault planes, we obtained the relative chronology of the successive events. These data indicate that the E-W paleostress field is the oldest one.
Cross-cutting indicators of striated fault plane pairs are sparse between the N-S and the NE-SW stress fields. Those observed nevertheless show the N-S paleostress orientation as the latest. On the other hand, sites 46, 47, 49 and 51 are located at the zone borders and some faultslip data were measured on a Late Paleocene-Eocene silicification [39, 40] . The stress tensors obtained in these sites are related to the N-S paleostress field (Table 1 , Figure 4 ).
Systematic analysis of structures affecting the Late Mesozoic deposits and those affecting Cenozoic sediments shows how the former are compatible with the NE-SW Shmax field, while the latter are related to the N-S paleostress field [24] . Other field observations such as faults with a clear Cenozoic activity, e.g. Golpejas fault (Figures 2 and 7) among others, are compatible with a N-S Shmax and structures controlling asymmetries in Quaternary fluvial deposits and lateral migration of valleys are also related with an E-W to ESE-WNW extension [24] .
We have complemented these data with absolute dating of fault gouges. Clay samples were collected in fault gouges for dating using the K-Ar technique. At the same time, minor fault slip data were collected within the faults allowing us to obtain the corresponding paleostresses. The combination of both results provided useful information for the construction of a possible chronology for the paleostresses. In this sense, ages of 120 ± 6 and 86.9 ± 4.3 Ma were obtained for clays within structures related to the NE-SW paleostress field, while an age of 210 ± 11 Ma was found for clay in a fault gouge related to the E-W paleostress field [24, 25] . These results agree with the tectonic history shown by some areas of the Iberian Variscan basement, including uplifted zones close to the south, such as the Gredos range in the SpanishPortuguese Central System [53, 54] . These authors, by means of apatite fission track analysis, described accelerated cooling events related to tectonics. Ages obtained (125± 15 Ma and 88±12 Ma) are equivalent to those revealed by fault gouge dating.
It is important to point out that in this case we have found no evidence of a NW-SE Shmax trending paleostress field. Since this seems to be the most recent orientation of the tectonic stresses within Iberia [30, 41, 55] and also bearing in mind that the NNE-SSW trending Vilariça Fault System shows clear neotectonic activity [6, 37, 38, 56] , there are two possible explanations for such a difference.
A) The Vilariça Fault system is now moving in transpression, which may imply an important reverse component. B) There is a local rotation in the active Shmax trajectories towards a N-S direction.
Compilation of instrumental seismic activity data for the study area [26, 29] provides important information in relation to the moderate active deformation of this intraplate zone and the contemporary tectonic stresses. Two earthquakes occurred during 2003 with magnitudes 3.8 and 4.2 that made it possible to determine well-constrained focal mechanisms [26] . These are typical strike-slip faults with a NNE-SSW trending ( [24, 27] . From this evidence faults trending close to NNE-SSW direction, like those from the Vilariça Fault System, should still be moving as pure strike-slip faults, compatible with a N-S Shmax.
Discussion and conclusions
The stress inversion analysis performed on 1428 fault-slip data pairs allowed us to characterize three Shmax trend maxima: N-S, NW-SE and E-W. The estimated stress regimes are mostly extensional to strike-slip.
From the available dating results, it is easy to infer the following sequence of tectonic events. The E-W Shmax trending paleostress is the earliest within a normal to strike-slip regime. The second paleostress phase was characterized by the NE-SW trending Shmax (N34 o E) and normal to strike-slip faulting. The youngest and most widespread recorded event corresponds to a N-S oriented Shmax which also has a normal to strike-slip stress regime. Regarding the absolute dating results for the fault gouges, the oldest event seems to have occurred during the Late Triassic and the second one in Cretaceous times. Nevertheless, there is also clear evidence of activity of the NE-SW paleostress field during the Cenozoic, as indicated by field data. Finally, field observations support the idea that the N-S compression was active from the Middle Paleogene to the Pleistocene, while instrumental seismicity shows this period of activity extending until the present. The first question to be answered is whether the clays from the fault gouges are dating the youngest movements of the faults or only their initial activity; that is, the faults of the NE-SW paleostress field could be Cretaceous in origin, but were also active during Cenozoic under different rheological conditions (not permitting the formation of new clay minerals).
In the tensor analysis, we separated the N-S oriented Shmax solutions from those that are NE-SW oriented, even though there is a partial overlap between them in the Shmax solutions and in the orientation of the active faults. This may indicate some kind of relationship between both paleostress fields, since the obtained R value distributions are similar. Therefore, although a single deformation event with local bends can occur close to large strike-slip faults, we can also propose that an anticlockwise rotation in the Shmax trend may have occurred, from the early stages of the Pyrenean foreland deformation (Cretaceous to the Early Paleogene, NE-SW trending) to the most recent ones (probably Oligocene-Miocene, N-S trending).
This N-S paleostress field is registered throughout the Iberian foreland, and is coherent with the tectonic evolution of the Iberia microcontinent during the Cenozoic. Its most likely origin is the collisional processes along the Cantabrian-Pyrenean border [35, 57, 58] . Within the Pyrenean foreland, the Central System (southwards) and the Iberian Chain (eastwards) had experienced the most intense deformation during the Oligocene-Lower Miocene.
The likely presence of this N-S paleostress field during the neotectonic period and today may support the idea that the recent NW-SE Shmax related to the Betics has still not been imposed in western Iberia [35] .
These N-S Cenozoic tectonic stresses and their related faults, in particular the NNE-SSW trending left-lateral strike-slip faults, have controlled the infilling evolution and architecture of the westernmost part of the Duero Cenozoic Basin. Globally, this fault pattern, namely the Vilariça Fault System, seems to change (1) from normal to strike-slip faulting in our study zone, (2) to pure strikeslip close to the Vilariça fault, and (3) to a transpressive regime close to the Atlantic margin.
By comparing our results with those of an intensely studied zone such as the Iberian Chain (e.g. see [4] for a full summary), we can obtain a picture of the different paleostresses acting to the E and W of the less deformed Duero basin during the Cenozoic. By doing so (Figure 8) , it is noticeable that the N-S paleostress field is not detected within the Iberian Chain. It seems that the most important event recorded to the E (1 and 5 maxima, Figure 8 ) has apparently undergone a 20 o anticlockwise rotation in our zone (W), where there are almost no solutions resembling the Betic field (Figure 8 ). Another important difference between these two zones is the presence (Iberian Chain) or absence (W Duero basin) of a thick sedimentary cover. Even though the Iberian Chain presents much more Cenozoic deformation, the simpler sketch obtained to the W may indicate that some of the paleostresses registered to the E are the result of basement-cover accommodation processes, for instance bending along strike-slip faults, rather than real far-field paleostresses. 
